Individual cells migrate toward the direction of the cell polarity generated by interior or exterior factors. Under situations without guides such as chemoattractants, they migrate randomly. On the other hand, it has been observed that cell groups lead to systematic collective cell migrations. For example, Dictyostelium discoideum and Madin-Darby canine kidney (epithelial) cells exhibit typical collective cell migration patterns such as uniformly directional migration and rotational migration. In particular, it has been suggested from experimental investigations that rotational migrations are intimately related to morphogenesis of organs and tissues in several species. Thus, it is conjectured that collective cell migrations are controlled by universal mechanisms of cells. In this paper, we review actual experimental data related to collective cell migrations on dishes and show that our self-propelled particle model based on the cell polarity can accurately represent actual migration behaviors. Furthermore, we show that collective cell migration modes observed in our model are robust.
Introduction
Animals form organs and tissues during the developmental process. The shapes of these organs and tissues are closely related to their function and has long been an important research theme. In recent years, the generation of complete organs and tissues has been a final goal of numerous studies using the induced pluripotent stem (iPS) cells. However, even given a method to generate organs and tissues, it may be difficult to consider how to form their whole structures. As a proposed reason, organs and tissues are comprised of cells and controlling their migrations is difficult. Consequently, to understand and to control cell migrations are critical issues in the processes of morphogenesis.
Cells promote morphogenesis of organs and tissues by division and growth, altering the positional relationship of cells in a complicated manner. Recently, owing to the ability to obtain high-resolution four-dimensional (time + space) imaging, it has become possible to observe details of cell migrations. For example, in morphogenesis of the somite of zebrafish (Sawada et al. 2001) , rotational collective cell migrations have been observed (Hollway et al. 2007; Stellabotte et al. 2007) , and it has been suggested in the recent experimental data (H. Takeda (University of Tokyo) et al., private communication) that rotational migration is intimately related to the elongation process of the somite. In addition, it has been reported that Dictyostelium discoideum undergo various migrations when cyclic AMP (cAMP) is given from the external environment (Nakajima et al. 2014) . Furthermore, in the starved state, D. discoideum release cAMP themselves and a cell aggregation called the mound is formed by chemotaxis of cAMP. Additionally, in a cell aggregation occurring rotational migration, although cell velocity increases depending on distance from the center of rotation, it seems that the magnitude of the cell velocity decreases from the cells near the intermediate area of the cell aggregation (Siegert & Weijer 1995; Fig. 6 ). Thus, we conjecture that D. discoideum exerts at least a non-rigid rotational migration mode. Additionally, rotation migrations of cell groups are observed in the three-dimensional tissue elongation when D. discoideum constructs the fruiting bodies (Siegert & Weijer 1992; Dormann & Weijer 2001; Bretschneider et al. 2016) .
In comparison, it was reported in experiments in vitro that Madin-Darby canine kidney (MDCK) cells on collagen gel exert rotational migration (Doxzen et al. 2013) and uniformly directional migration (Yamaguchi et al. 2015) . Additionally, cells exerting rotation migrations have a fixed angular velocity, rather than being related to the distance from the center of rotation (Doxzen et al. 2013) . Consequently, MDCK cells exert rigid rotational migration. In particular, it has also been found that MDCK cells undergo rotational migrations in the three-dimensional space when they construct twodimensional cell sheets called the tulip hat-like structure (Imai et al. 2015) .
In this way, the development of experimental techniques promotes the need to elucidate various collective cell migration modes. In particular, rotational migrations are observed in many species and tissues and it is expected that they play a vital role in the morphogenesis process. However, it is unclear by which mechanisms of cell dynamics these migration modes are selected. Also, simply observing such an enormous volume of image data may be not sufficiently for understanding cell migrations comprehensively. From the viewpoint of migration mechanisms of cells and suitable behaviors corresponding to positions of cells, describing cell migrations mathematically and physically gives a promotion for understanding cellular dynamics. Thus, our ultimate goal is to elucidate how collective cell migrations such as rotational migrations affect processes of three-dimensional and two-dimensional morphogenesis by mathematical modeling based on experimental investigations.
Next, we recall the following four cell representation methods, which have already been proposed by other researchers. The first method of cell representation is the "self-propelled particle method'', which treats the cells as circles or spheres. This method is easy to implement and has been used in many studies (Czirok et al. 1996; Calovi et al. 2010; Camley et al. 2016; Kobayashi et al. 2016) . In this method, interactions between cells can also be represented by using potential energies. Additionally, it is possible to compute a comparatively large number of cells using this method. Moreover, it is easy to compute not only two-dimensional cases but also three-dimensional cases.
The second method is the "vertex dynamics model'' which was applied to biological tissues by Honda et al. (2004) . In this method, cells are represented as polygons and polyhedrons, and forces on vertices of cells are derived by using potential energies. This method can also be used to compute comparatively large numbers of cells. Furthermore, in recent years, Okuda et al. (2013) have enabled computing of complicated deformations of tissues and sheets in the three-dimensional space. Thus, this method is effective for organs and tissues where cells accumulate each other. However, it is difficult to deal with this method for situations of which cell groups aggregate or disaggregate.
The third method is to represent the existence of cells using a kind of order parameter and compute cell migrations by constructing an energy function. This method is called the "phase field method'' (Kobayashi 1993; Nonomura 2012) . In this method, computational models are described by partial differential equations called the "reaction-diffusion system'', and it is known that cell states including cell migration and cell adhesion can be computed comparatively easily. In particular, this method can also represent the morphology of cells in an exceptionally realistic manner. However, compared to the self-propelled particle method and the vertex dynamics model, the phase field method uses a large amount of memory of computing machines during calculation and is not suited to the handling of large numbers of cells.
Finally, a method exists to determine equations that provide the location of cell groups and, rather than representing the cells themselves, visualization of the locations is achieved by using particles that resemble cells (Umeda & Inouye 2002) . Although this process cannot provide a direct treatment of the shape of cells, it is possible to analyze the equation using mathematical methods, which enables the extraction of the general characteristics from the equation.
According to the above introduction, having scrutinized the advantages and disadvantages of each of these methods, we select the self-propelled particle method to represent cells because we deal with situations that cell groups aggregate or disaggregate.
Next, we review mechanisms of cell migrations. It is known that individual cells form the front-to-back cell polarity and migrate toward the direction of the polarity (Reig et al. 2014) . During migration, fibers composed of molecules such as "actin'' and "myosin'' are known to be synthesized and degraded inside the cells, which can effect migration. Additionally, according to Jilkine & Edelstein-Keshet (2011) , the cell polarity exists in many cells, regardless of cell species or cell type. Moreover, they suggested that forming cell polarity is a universal feature observed in various cells. Consequently, the cell polarity is a major factor that cannot be ignored for considering cell migrations. Hence, we focus on the cell polarity in order to construct a mathematical model. In the previous model (Camley et al. 2016 ) focusing on the cell polarity, taking the chemotaxis and the contact inhibition of locomotion as the main axis, a self propelled particle model assuming the following effects ª 2017 Japanese Society of Developmental Biologists was proposed: migrating toward the cell polarity, cellcell adhesive force, the influence of noise, contact inhibition of locomotion, and chemotactic effect. For representing the chemotactic effect, they used the stationary solution of a reaction-diffusion equation. Their main result has suggested that cell groups rotate clockwise or counterclockwise when the chemotactic effect is strong. Also, in the other investigation (Stonko et al. 2015) , targeting rotational migrations observed in a process whereby border cells and polar cells in the eggs of Drosophila migrate from the edge of the egg to the wall in the center of egg, a self propelled particle model which consists of the following four parts was proposed: the adhesive force, the repulsive force, and the force of migration owing chemotaxis and a small stochastic force. They showed numerical results for rotational migrations of clusters. From the above previous studies, it can be recognized that the chemotactic effect plays a vital role for collective cell migrations. Although numerous studies focusing on rotation migration have been expanded, in actual cell migrations, not only rotational migration, but also various migration modes such as uniformly directional migration are often observed. In this paper, we construct a new mathematical model including mechanisms for cell polarity and cell migration, in order to explore mechanisms that occur in various migration modes.
The outline of this paper is as follows: Section 'Mathematical model' gives a self-propelled particle model based on cell polarity by adding mechanisms of cell interactions one by one and shows that rotational migrations occur robustly by obtaining cell polarity induced by chemotaxis. Moreover, we show materials and methods of experimental observations using A431 esophageal cancer cells and an observation result. Section 'Classification of migration modes' shows a phase diagram of two parameters contained in a motion equation of cells in our model. In particular, we discuss a numerical result of which rotational directions of clockwise and counterclockwise are switched by nonlinearity of a function introducing the motion equation. Section 'Discussion' discusses the rotational migration mode in our model and the relation between our model and actual cell migrations observed in experiments using the A431 esophageal cancer cells. Section 'Conclusion and future works' describes the conclusion and future works.
Mathematical model
In this section, as a mathematical model representing collective cell migrations possessing aggregation and disaggregation in the two-dimensional space, we regard individual cells as particles and propose a selfpropelled particle model including forces acting on cells and effects for regulating the cell polarity.
Nonlinear response for the magnitude of driving force
We consider individual cells as circular particles with the diameter R A and deal with N cells. At time t ≥ 0, the position vector of the center of the i-th cell is denoted by r i = r i (t) and the direction of the front-toback cell polarity is denoted by h i = h i (t). Figure 1 shows a schematic of the i-th particle.
The force exerted on the i-th cell is denoted by F i and it is acted only on the center r i . Additionally, at the cellular scale, the inertial force and the gravity may be ignored. The forces F i acting on cells and its forces exerted owing to the velocity act in opposite directions from the friction between the cell and substrate. If this relationship is linear, the equation _ r i ¼ dr i =dt ¼ lF i is obtained, where l > 0 is a parameter. It is obvious that |r i | becomes large linearly when |F i | increases. However, it is suggested that effective forces of the cell are reduced where external influences are large. For example, according to an investigation regarding the electrotaxis of D. discoideum (Sato et al. 2007) , whereas the D. discoideum migrates by recognizing the potential gradient, it was shown that the cellular response for electrotaxis is sigmoidal.
Next, we focus on rotational migrations observed as one of the collective cell migrations. It was reported that MDCK cells undergo rigid rotational migrations of which exterior cells of a cell group are migrated by forces that are larger than interior cells (Doxzen et al. 2013) . This implies that the relationship between the magnitude of the driving forces acting on cells and the speed of cell migrations can be considered to be within the linear range since most of the received force is converted into motion. In contrast, in the rotational migrations observed in the initial stage of the mound Fig. 1 . Schematic of the i-th particle. The arrow indicates the h i direction.
ª 2017 Japanese Society of Developmental Biologists formation of D. discoideum (Siegert & Weijer 1995) , it can be observed that exterior cells cannot keep up with interior cells, that is, they occur non-rigid rotational migrations. It is thought to arise because, even if large external forces are exerted, the D. discoideum can only convert a portion of the forces into motion. Thus the relationship can be considered to be outside of the linear range.
From the experiment on the electrotaxis of D. discoideum and the rotational migrations of MDCK cells and D. discoideum, we assume that the relation between the magnitude |F i | of driving force and the speed j _ r i j of cell migration is nonlinear and consider the following equation:
where q > 0 is a parameter and v max stands for the maximum value of speed j _ r i j of cell migration. Although a function type of the nonlinear function f in the eqn (1) may be adopted arbitrarily, it would be desirable to surmise a function type by observing the mechanical response obtained when a tractive force is actually applied to an individual cell. However, we were unable to identify any literature related to investigations into the functional type of f in various cell spieces. According to the investigation (Sato et al. 2007) , it was suggested that the relationship between the electronic field strength (external influence) and mean cathodal displacement speed is described by a Hill function. If a Hill function is adopted as a function type of f, it can be observed numerically that results do not change qualitatively. In this paper, we adopt the functional type shown in (1). Figure 2 shows a graph of the relation j _ r i j ¼ fðjF i jÞjF i j.
The aim of this paper is to explore h their migrations modes are generated and switched by which mechanisms for cell migrations. In our mathematical modeling, we construct a model by adding each of the main factors to produce a suitable version that can be verified from actual experiments. Throughout this approach, we attempt to extract essential factors that are intimately related to collective cell migration modes. Specifically, we adopt a plan to investigate the various forces acting on the cells from a biological perspective and incorporate these factors into the mathematical model. Additionally, robustness is an extremely important point for constructing a mathematical model of collective cell migrations. Here, what collective cell migrations are robust implies that migration modes are not changed by minute changes of initial values and parameters. Therefore, rather than simply demonstrating the reproduction of the phenomena in numerical simulations, we will demonstrate that the reproduced results do not qualitatively change, even when the initial conditions (noise) and parameters are altered slightly.
In the following numerical simulations, we specify that the diameter is R A = 4.0 and the number of cells is N = 100, and we simulate a self-propelled particle model in a square region Ω of which the center is the origin. The initial position r i ð0Þ of the i-th cell is randomly given within a circle with the radius
=6 such that cells are arranged without overlap, where R Min is an approximate radius for a circle that provides the closest packing for M cells (Fig. 3) . Here, we take a value specified as M = 150. Also, the initial direction h i (0) of the cell polarity of the i-th cell is randomly given in the interval (0, 2p]. Random numbers are generated by using the Mersenne Twister (Matsumoto & Nishimura 1998) . Note that we give initial values and parameters such that typical migration modes can be observed by adding mechanisms of cell interactions one by one.
Driving force produced by cell polarity
It is known that individual cells form the front-to-back cell polarity and migrate toward the direction of the polarity (Reig et al. 2014) . Also, it is shown that stationary cell fragments stimulated temporarily generate asymmetrical orientation of actin and myosin and they migrate toward the leading edge (Verkhovsky et al. ª 2017 Japanese Society of Developmental Biologists 1999). In particular, it was confirmed that asymmetrical orientation are preserved after withdrawal of the stimulus. Therefore, we assume that a driving force in the direction of cell polarity acts to migrate toward its direction. Since the direction of cell polarity for the i-th cell is given by h i , a driving force with the direction h i can be described as follows: 
Cell-cell adhesive force
Tissues are formed through adhesion between individual cells. For example, epithelial cells form sheet-like tissues through the action of cadherin. Actual cells such as epithelial cells adhere to each other via their cell membranes. Specifically, it has been known that in a cell group of A431 esophageal cancer cells, although cells adhere each other, a cell group is dissociated by inhibition of E-cadherin (Andersen et al. 2005) . Therefore, we consider that cell-cell adhesive force is a vital mechanism of the cell.
In this paper, we derive the cell-cell adhesive force by the functional derivative of a potential energy, such that the distance between individual cells is preserved to R A . In a particle model describing intercellular dynamics (Kobayashi et al. 2016) , the Lennard-Jones potential known as a typical energy potential for representing particle interactions is used. However, for the sake of simplicity, we consider the following potential energy U(r). Note that we have confirmed that switching to different types of potential function is not influenced by the qualitative results, as long as the shape of the potential energy is not greatly changed.
The potential energy U(r) is given by
jr j 2 ½R T ; þ1Þ,
where p, q, and r are positive and R A < R C < R T are positive. Additionally, we suppose that the function U (r) and its first derivative are continuous. Then, by the parameters p, q, R A , and R T , the other parameters r and R C are uniquely determined by r = (pq(R A À R T )
2 )/ (p + q) and R C = (pR A + qR T )/(p + q). Next, we explain the properties of the potential function U(r). From the shape of U(r), if the distance between two cells is larger than or equal to R T , a cell-cell adhesive force is not exerted. This property is a reasonable assumption as actual cells are independent when the intercellular distance is extremely large. Additionally, when the distance between two cells is smaller than R T , a cell-cell adhesive force acts to bring the intercellular distance ª 2017 Japanese Society of Developmental Biologists toward R A . Because it is known that contacting cells adhere strongly via cadherin, this property is also considered a reasonable assumption. Furthermore, when the distance between two cells is smaller than R A , the force F i adhesion is exerted as a repulsive force. This implies that an excluded volume effect acts to intercellular. The intensity of this cell-cell adhesive force can be set by selecting the parameters, as appropriate. Figure 5 shows U(r). The cell-cell adhesive force acting on the i-th cell is derived by the functional derivative dU(r)/dr of the eqn (3), as follows:
jr i;j j 2 ½R T ; þ1Þ,
where r i,j : = r j À r i .
Sharing of cell polarity
In the experimental results using MDCK cells (Yamaguchi et al. 2015) , it is reported that cell groups migrate aligning directions of migration and polarity of collectively migrating cells is established though cellcell contact or cell-cell adhesion. Therefore, we assume that an effect of which directions of the cell polarity are shared when two or more cells adhere each other. As a mathematical model for describing the share of directions of cell polarity, a method using ordinary differential equations has been proposed (Ayukawa et al. 2014) . Referring to this method, we describe the sharing of cell polarity by the following ordinary differential equation:
where ξ > 0 is a parameter that stands for the rate at which directions of cell polarity are shared. The function g implies that the threshold for acting the sharing of cell polarity is the parameter R T , which stands for the intercellular distance at which the adhesive force begins to act. Since it is known that the sharing of cell polarity occurs via proteins on the membrane of attached cells, we assume that the effect of cell polarity sharing is exerted in the range at which the cell-cell adhesive force acts. We consider the following equation obtained by adding two terms F i adhesion and G i share :
where b > 0 is a parameter for the cell-cell adhesive force F i adhesion . Figure 6 shows a typical example ª 2017 Japanese Society of Developmental Biologists obtained by numerically solving the eqn (6). As results of numerical simulations for various initial values, it is found that the majority of collective cell migrations induced by (6) is uniformly directional migration. This is because adhering each other and sharing directions of cell polarity induce the formation of cell aggregations, and they exert uniformly directional migrations. However, continuous rotational migrations can not be reproduced by any alterations of parameters. Consequently, (6) does not include a primary factor that induces rotational migrations.
Obtaining cell polarity in the direction of the driving force It was reported that the direction of cell polarity is obtained owing to a feedback effect from the tension exerted on the stretched cell membrane when cells migrate (Tsujita et al. 2015) . Also, according to the experimental result using Cancer-associated fibroblasts (CAFs) and A431 esophageal cancer cells (Labernadie et al. 2017), when CAFs incident to a cell group of esophageal cancer cells, their migrating directions reflect, and esophageal cancer cells adhering to CAFs follow them by receiving their traction force. Referring to the above experimental observations, we conjecture that directions of cell polarity are developed toward the direction of force. Therefore, we assume that cell polarity is obtained in the direction of the driving force F i . Here, we describe the effect for obtaining cell polarity of the direction of driving force as follows:
where Arg(x) ðx ¼ ðx; yÞ T 2 R 2 Þ is defined as the angle calculated by arctan (y/x). We consider the following system including G i motion :
where g > 0 is a parameter that stands for the rate at which cell polarity is obtained in the direction of driving force F i . Figure 7 shows typical examples obtained by numerically solving the eqn (7) for two distinct initial values. In these examples, we give the initial direction h i (0) for cell polarity arbitrarily such that a single cluster is formed. As shown in Figure 7 (b), not only uniformly directional migration but also rotational migration can be observed by the effect of G i motion . This suggests that obtaining cell polarity from the direction of the driving force is one of primary factors for rotational migration. However, rotational migration obtained in (7) is a rare case depending on the parameters and the initial conditions (arrangement and initial direction of ª 2017 Japanese Society of Developmental Biologists cell polarity), and most of collective migrations obtained in (7) are dominated by uniformly directional migration such as Figure 7 (a), that is, this implies that rotational migration in this case is not robust.
Chemotaxis-induced cell polarity
In order to obtain robustness for the rotational migration observed in the eqn (7), we should add a new effect in (7). Because we have already assumed that each cell migrates in the direction of its cell polarity, we consider adding an effect to the equation controlling the cell polarity. For example, in rotational migrations of galactic systems, a centripetal force is necessary for preserving continuous rotation migration. By this analogy, for inducing a continuous rotational migration in cells, they must produce a centripetal force. On the other hand, it is known in experimental observations for D. discoideum that they form cell aggregations in the process of mound formation, and it is suggested that its main factor is chemotaxis generated by concentration field formed from diffusing cAMP. Referring to the above cell mechanism, we consider chemotaxis generated by cells through chemical substances, as an effect for producing this centripetal force. It is known that cells migrate by sensing high concentration gradient when an external chemical substance is provided (Reig et al. 2014) . Here, we suppose that a concentration field is denoted by P = P(t, x, y), and P is dominated by the following reaction-diffusion equation:
where D > 0 stands for the diffusion coefficient, a > 0 stands for the supply rate, and b > 0 stands for the decay rate. d(x) is the Dirac delta function. The concentration field P is defined on the square simulation region X 2 R 2 where the cells exist, and the boundary conditions are specified as the zero Neumann boundary condition such that the derivative of P at the boundary is 0. In particular, the type of mechanism the cells use to sense the concentration gradient represents an important issue. It is shown that the concentration gradient is sensed via receptors on the cell membrane (Shibata et al. 2013 ). Thus we assume that information of the gradient of P on the boundary (circle) of the particle that represents the individual cell can be obtained. In other words, by using the diameter R A and position vector r i ¼ ðx i y i Þ T for the i-th cell, the concentration gradient of P sensed by the i-th cell is determined as follows:
It has also been suggested that whereas the chemical substances toward which different cell types, such as D. discoideum and fibroblasts, exhibit chemotaxis differ, obtaining cell polarity in the direction of high concentration gradient is universal (Jilkine & EdelsteinKeshet 2011) . Therefore, we assume an effect whereby cell polarity is obtained in the direction of high concentration gradient, described as follows:
We consider the following system including G i chemotaxis :
where the parameter f > 0 stands for the rate at which cell polarity is obtained in the direction of high concentration gradient. Figure 8 (a) and (b) shows a typical rotational migration obtained by numerically solving the eqn (9) and a concentration field P for a single cluster. As shown in this numerical result, by the effect of G i chemotaxis , cell aggregations are formed and they show rotational migrations. On the other hand, as shown in Figures 8(c) and (d) , the decay rate b of the chemical substance is large, small concentration fields are formed and rotational migrations can be observed in small clusters. A common feature for both results is that rotational migrations do not depend on the initial conditions, at least numerical simulations. Additionally, as shown in Figure 8 , rotational migrations have some bilateral symmetry for the direction of rotation.
From the above mathematical descriptions based on cell mechanisms, the eqn (9) is the governing equation of our self-propelled particle model. 
Materials and methods in experiments
Esophageal cancer cell culture and sample preparation. A431 cells were kindly gifted from Dr. Enomoto, Nagoya University, Nagoya, Japan. The cells were cultured in Dulbecco's modified Eagle's medium (Sigma, St. Louis, MO, USA) containing 10% fetal bovine serum (Sigma) and 1% antibiotic/antimycotic solution (Sigma). The cells were maintained in a humidified incubator at 37°C with 5% CO 2 . A431 cells were cloned by limited dilution and a subclonal cell line (A431-G11) was established. For time-lapse observation, A431-G11 cells were trypsinized and seeded on 1.6 mg/mL collagen gel (Cell matrix I-P; Nitta Gelatin Inc., Osaka, Japan). After 2-4 days, the collagen solution was poured onto the cells and incubated for 30 min at 37°C for gelation. After gelation was completed, the dishes were filled with culture medium and sealed with silicone grease and cover slips to avoid changes in medium pH. Then, the dishes were used for observation.
Time-lapse observation. A phase-contrast microscope (TE300, Nikon, Tokyo, Japan) equipped with a 49 objective lens was used. The microscope was kept 
Classification of migration modes
In our self-propelled particle model described as the eqn (9), various migration modes can be observed by changing values of parameters. In this section, we define three indices for classifying migration modes and show phase diagrams of parameters obtained by applying these three indices in order to observe that each migration mode does not depend on minute changes of parameters.
Indices for classifying migration modes
In numerical simulations, time-dependent problems are solved by using the embedded Runge-Kutta method and a numerical simulation is terminated when the time nDt is larger than a specified time t 0 > 0, where n 2 N indicates the number of steps and Dt indicates the time discretization width. In order to define indices for rotational migration and cluster size, we calculate the centroid G ¼ GðtÞ ¼ (i) An index for rotational migrations: For two-dimensional vectors a 1 ¼ ðx 1 y 1 Þ T and a 2 ¼ ðx 2 y 2 Þ T , we define the operation 9 2 as follows: a 1 Â 2 a 2 ¼ x 1 y 2 À y 1 x 2 . For each time t, we calculate the following:
where the function sgn(x) is called the sign function and is defined by sgn(x) = À1 for x < 0; 0 for x = 0; and 1 for x > 0. The index for rotational migrations is defined as the average of the eqn (10) calculated from the half of a specified time t 0 .
(ii) An index for cluster sizes: When a position vector which is the farthest from the centroid G, is r i at each time t, we calculate R Tissue = |G(t) À r i | + R A /2. The index of cluster size is defined as the ratio R Tissue / R Min at the final step of numerical simulation, where R Min is the approximation value of a radius of a disk that contains the closest packing by M cells (see Section 'Nonlinear response for the magnitude of driving force' and Fig. 3 ).
(iii) An index for order of cell polarities: For each time t, we calculate the following:
where note that the eqn (11) is derived referring to the von Mises distribution known in the subject of directional statistics. Equation (11) is defined as a value contained to the interval [0, 1]. When (11) is equal to 1, directions of all cells are same. Conversely, when it is equal to zero, their directions are scattered. When a cell group occurs rotational migration, (11) is sufficiently small. The index for order of cell polarities is defined as the average of (11) calculated from the half of a specified time t 0 . Note that, since the ratio R Tissue /R Min may become larger than 1, when the numerical results obtained from distinct parameters are compared, values of the index (ii) are adjusted by dividing each value with the largest value of (ii) obtained in these parameters. Using the above calculation, the values of R Tissue /R Min is less than or equal to 1. Thus, values of the three indices are contained in the interval [0, 1].
Phase diagram of parameters and migration modes
Next, we show a phase diagram for the parameter a for the driving force Next, we consider the kinds of mechanisms that are occurring in these four categories. The parameters for creating a concentration field are the same ones specified in Section 'Chemotaxis-induced cell polarity'. So a single cluster is formed as shown in Fig. 8(c) and (d) . Comparing the region of Mode 1 with the region of Mode 2, the cell-cell adhesive force for Mode 1 is stronger than that for Mode 2. Consequently, cell aggregations in the region for Mode 1 indicate the rigid rotational migrations. Conversely, in the region for Mode 2, because the cellcell adhesive force is weaker than Mode 1 among the cells that exerted rotational migrations, the magnitudes of angular velocities of cells further from the center are lower than those of cells near the center. Consequently, cell aggregations indicate the non-rigid rotational migrations. In the region for Mode 4, because the cell-cell adhesive force is very weak compared to that of the other regions, the size of the formed clusters became extremely small. In this case, the effect of cell polarity sharing for many cells acted on the individual cells and the driving force in the shared direction of cell polarity became dominant. Thus, if the direction is determined momentarily for the whole system, migration toward its direction is persisted and its direction is aligned among cells. In the region for Mode 3, rather than the unidirectional rotational migrations observed in the regions for Mode 1 and Mode 2, the direction of rotation tended to switch frequently. In this case, inversion of rotational migration can be observed to spread from the center of cell aggregation.
Furthermore, in the phase diagram, different initial arrangements are used for each pair of parameters. Consequently, where colors in the phase diagram are similar, the migration modes can be considered to be almost same. Hence, the collective cell migrations observed in our model show robustness with respect to the initial values and parameters.
Discussion

Switch rotational migration mode and nonlinear response
In this section, we explore the reason why our model possesses the switch rotational migration mode, from our numerical results. First, we focus on the average of distances between cells of which the cell-cell adhesive force F i adhesion operates. Let n 0 be the number of steps between the half of the specified time t 0 and the ª 2017 Japanese Society of Developmental Biologists end of numerical simulation. We define the average of the distances between cells in the n 0 steps as follows:
where N i is the number of cells that satisfy the relation g(|r i,j |) = 1 for the i-th cell. Figure 10 Additionally, for cells in cell aggregations occurring rotational migrations, we define a rotational velocity of cells by v i ¼ vðr i Þ ¼ j _ r i jr i and focus on rotational velocities v i in the following three regions:
Tissue =3g, and D 2 ¼ fx 2 R 2 : 2R Tissue =3 jG À x j\R Tissue g, where G indicates the centroid of the point set {r i :1 ≤ i ≤ N}. We calculate the following value for each region for each pair (a, b):
where ♯D h denotes the number of points that belong to the set D h . Figure 10 From this numerical result, it is conjectured that what a single stable situation transits to the other stable situation by passing through a n unstable situation for the rotational velocity is produced by nonlinearity of the function f introduced in the motion equation.
Next we focus on nonlinearity of the function f. As shown in Fig. 8 , both clockwise and counterclockwise rotational migrations can be occurred in our model. Here we focus on the shapes of nonlinear curve j _ r i j ¼ fðjF i jÞjF i j ¼ v max tanhðqjF i j=v max Þ. ª 2017 Japanese Society of Developmental Biologists derivative of v max tan h (qx/v max ) is equal to q when the parameter v max is sufficiently large, we can discuss transitions of phase diagrams from the nonlinear cases to the linear case by increasing v max . Here we calculate the average and the standard deviation of the magnitude |F i | of force for all cells from the half of the specified time t 0 to the final step of numerical simulations for each pair (a, b). Let F and S be the average and the standard deviation of the magnitude |F i |, respectively. F and S are given by
For all pairs (a, b) in the phase diagram of Fig. 9 , we denote by 〈F〉 and 〈r〉 the average of F and S, respectively. By a numerical simulation, we obtain 〈F〉 = 1.72389ÁÁÁ and 〈r〉 = 1.14296ÁÁÁ. As shown in the gray region in Fig. 11(a) , this implies that most of cells for the parameters 1.0 ≤ a ≤ 8.0 and 1.0 ≤ b ≤ 16.0 migrate by receiving forces with about the magnitude 1.72389ÁÁÁ AE 1.14296ÁÁÁ, that is, most of |F i | belong to the gray region shown in Fig. 11(a) . Thus, magnitudes of forces of which cells receive belong to the region which influences nonlinearity.
Figure 11(b) shows phase diagrams corresponding to v max = 0.5, 0.75, 1.0, 1.25, 1.5. As shown in these phase diagrams, when v max increases monotonically, that is, nonlinear curve tends to the straight line with the tangency q, the region of Mode 3 vanishes from the parameter space 1.0 ≤ a ≤ 8.0 and 1.0 ≤ b ≤ 16.0. Consequently, it is suggested that the switch rotational migration mode is produced by nonlinearity of the function f.
Finally, in order to grasp the mathematical property of the hyperbolic tangent function contained to the equation j _ r i j ¼ fðjF i jÞjF i j, Here, we consider the following one-dimensional problem of x = x(t):
Let v = dx/dt. Here we derive the function E(v) such that dv/dt = ÀdE(v)/dv. As we have dv/dt = df(x)/dt Á v, we obtained the following equation by representing df(x)/dt using the variable v:
Thus, we obtain the explicit form of the function E(v) as follows: The eqn (14) is called the double-well potential function. Figure 12 shows profiles of the function E(v) for the parameters v max = 0.5, 0.75, 1.0, 1.25, 1.5, and q = 0.5. According to the linear stability analysis of the eqn (13), it is shown that an equilibrium point v = 0 is unstable and the other points AE v max are stable. Here we define the depth in the function E(v) by Hðq; v max Þ :¼ EðAEv max Þ ¼ Àqv 2 max =4. We note that the depth H(q, v max ) is a monotone decreasing function of v max when q is fixed. Thus, these findings suggest that rotational direction is preserved for perturbations when v max is large. Conversely, rotational direction is not preserved when v max is small, that is, the rotational direction reverses. Furthermore, when perturbations produced by intermediate repulsive forces induced rotational migration with reverse rotational direction, driving forces by cells in the neighborhood of the center of a cell aggregation spread to surrounding cells by the term G i motion for obtaining the cell polarity of the direction of the driving force (see also Video S3). In this manner, it is suggested that the switch rotational migration mode is induced. We hope that the above discussions obtained from numerical results become a hint for showing production of the switch rotational migration mode mathematically.
Generating and sensing of concentration gradient
Throughout the above mathematical modeling in Section 'Mathematical model' and discussion in Section 'Switch rotational migration mode and nonlinear response', it is numerically suggested that the cohesive force by chemotaxis plays a important role producing robust rotational migrations. In this section, we explore how robust rotational migrations change by inhibiting functions related to chemotaxis.
In our model, the concentration field P is formed by chemoattractant secreted from cells and the supply rate of the substance is controlled by the parameter a in the eqn (8). Also, sensing of the concentration gradient is introduced in the eqn (9) as an effect which determines the direction of cell polarity, and its effect is controlled by the parameter f. In order to consider the case where the supply rate of the substance and the chemotactic response are lowered under the situation of which rotational migrations occur spontaneously such as D. discoideum, we replace the parameters a and f with the following functions: The supply rate a for all cells is controlled bỹ response. In the red region, irrespective of the supply rateã of substance, it can be observed that rotational migration mode is preserved when cells have high chemotactic response. As shown in the blue region, when chemotactic response decreases, rotational migration mode transits to uniformly directional migration mode. Also, in the green region, when the parameter f 0 controlling chemotactic response is drastically small, cell groups disaggregate. As shown in Fig. 14(b) , when the decay is slowly as n = 1, disaggregations of cell groups are not observed.
Finally, we observe whether rotational migration is hysteresis phenomenon from numerical simulations. According to the phase diagrams in Fig. 14 , the transition of rotational migration mode and the other migration modes is controlled by the parameter f 0 . Here, we compute the transition of rotational migration mode and the other migration modes by replacing the functionf used in the above discussion with the following function: Figure 15 shows transitions for the parameters f 0 ¼ 0:0 and f 0 ¼ 0:2. Since it takes time to reaggregate the divided clusters, we fix the specified time t 0 as t 0 = 300 and the parameter t 1 off as t 1 = 200. The functionã is adopted which is similar to the case of From numerical results shown in Fig. 15 , even if migration mode of a cell aggregation is shifted to the other migration modes by decreasingf, the rotational migration mode is again shifted by increasingf. In particular, as shown in the case of f 0 ¼ 0:0 in Fig. 15 , since cells which form a single cluster of the first stage is scattered, re-aggregated cell groups may be formed as small clusters. This result indicates that the cohesive effect by chemotaxis produces robust rotational migration mode.
Mechanical response by chemotaxis
In Section 'Chemotaxis-induced cell polarity', we have already considered the case for which the cell polarity is altered by the concentration gradient of a chemical substance, and the direction of cell migration responds to its influences. However, it is thought that there may also be case wherein cells migrate by a driving force that does not depend on cell polarity. For example, in an experiment on the electrotaxis of D. discoideum (Sato et al. 2007 ) it was shown that the speed of cell migration is influenced by the strength of the electric field. Although it is possible that the electric field exerted an influence on the formation of cell polarity in that experiment, the potential that the electric stimulus is involved in the activity of intracellular proteins such as actin and myosin cannot be ruled out. Thus, we conjecture a second mechanism for chemotaxis, of which a driving force in the direction of high concentration gradient is directly generated. This driving force is described as follows:
We consider the following system obtained by adding 
where c > 0 is a parameter for the driving force F i chemotaxis owing to chemotaxis. Figure 16 shows a typical rotational migration mode obtained by numerically solving the eqn (15) using a parameter of f = 0.0 for the effect G i chamotaxis of obtaining cell polarity through chemotaxis. As shown in the numerical result of Fig. 16 , even when substituting G i chamotaxis for F i chemotaxis , robust rotational migration mode can be observed that does not depend on initial conditions. From our mathematical modeling in this paper, although rotational migration modes shown in Section 'Chemotaxis-induced cell polarity' and this section indicate same rotational phenomena, they are induced by distinct intercellular mechanisms. Thus, this result gives a suggestion for exploring intercellular mechanisms of rotational migrations.
Esophageal cancer cell-like collective cell migrations
It is an important problem that collective cell migrations produced by the other combinations of parameters in our model should also be experimentally validated. Passing through this study, we observed experimental observations of esophageal cancer cells described in Section 'Materials and methods in experiments'. According to time-lapse observations, we observe that A431 esophageal cancer cells exhibit collective cell migrations. Top of Fig. 17 shows three snapshots of a representative experiment. From the experimental result shown in Fig. 17 , we can observe that cell aggregations migrate in the front-back direction such as Fig. 17(a) and (c). In particular, they exert rotational migrations while changing the direction of migration shown in Fig. 17(b) .
Although, in Fig. 9 , Mode 4 appears to appropriately match the esophageal cancer cell-like collective cell migrations. In numerical results shown in Section 'Phase diagram of parameters and migration modes', we can observe that the speeds j _ r i j of cells in Mode 4 are almost the same. However, in an actual cell aggregation, since cell aggregations of esophageal cancer cells show elongation and shrinkage and the magnitude of velocity in front of the direction of migration is larger than that in back, there are differences of velocities between the front and back. In order to reproduce the collective cell migrations shown in top of Fig. 17 , we change the parameters b, v max , and q from the phase diagram in Fig. 9 such that small cell aggregations are 
Conclusion and future works
In this paper, we proposed a self-propelled particle model (9) by focusing on the cell polarity. In our model, the position of i-th cell is determined by the two terms Here, we assumed the case wherein a concentration field is formed by chemoattractants diffused from cells and introduced the effect through which the cell polarity receives an influence by chemotaxis. This effect induced robust rotational migrations that do not depend on the initial conditions. That is, the cohesive force generated by chemotaxis constitutes an essential force for robust rotational migrations. Furthermore, other forces that produced robust rotational migrations, such as cohesive force by external force and compressive force by basement membrane, were also considered.
In addition, by generating the phase diagram of parameters a and b for F i polarity and F i adhesion , it was shown that collective cell migrations predicted our model could be classified according to four migration modes and that our model has robustness for these four modes. In particular, we can observe that these four modes occur in actual experimental observations across various cell species. For example, since MDCK cells and D. discoideum exert rigid and non-rigid rotational migrations, respectively, in the phase diagram shown in Fig. 9 , MDCK cells and D. discoideum can be considered as belonging to the region for Mode 1 and 2, respectively. The region for Mode 4 is a region of parameters where migration occurred with aligned cell polarity. Migrations with aligned cell polarity occur when many cells come within the range in which cell polarity becomes aligned, owing to a strong cohesive force produced by chemotaxis. According to Fig. 17 , it can be observed that cell aggregations of esophageal cancer cells migrate toward a single direction. Thus, esophageal cancer cells can be considered to belong to region for Mode 4. On the other hand, in the region for Mode 3, clockwise and counterclockwise rotational migrations are repeated. In an experimental observation using MDCK cells by Doxzen et al. (2013) , it was reported that directions of rotational migrations are switched (Doxzen et al. 2013 ; Video S11). According to the phase diagram shown in Fig. 9 , it can be conjectured that Mode 3 is obtained when the cell-cell adhesive force is intensified for Mode 4. By changing cell culture environment based on our conjecture obtained from numerical results, it has been observed that esophageal cancer cells exert switch rotational migrations (the authors (S. Ishida & H. Haga), private communication). However, it is not clear the reason why switching of rotational directions is observed in this experiment. Also, it is not observed whether their switch rotational migration is occurred by the same mechanism as Mode 3 shown in Section 'Switch rotational migration mode and nonlinear response'. To explore essential mechanisms for switch rotational migration mode of esophageal cancer cells is our future work.
Finally, we compare our model with the previous model based on the Vicsek model constructed on the basis of physics principles. It was suggested in the previous model (Czirok et al. 1996; Camley et al. 2016 ) that the cohesive force produced by chemotaxis induces rotational migration. Our result relating to rotational migration does not contradict this suggestion. However, since the nonlinear response in eqn (9) was not contained in the previous models, rotational migrations are not switched as shown in Fig. 11 indicating the case of linear. Hence, the appearance of Mode 3 induced by the nonlinear function f is a novelty of our study compared to the previous studies. Moreover, from the phase diagram shown in Fig. 9 , we provide a new experiment using esophageal cancer cells for switch rotational migrations. Hence, it is suggested that our model provides a standard framework describing collective cell migrations on the twodimensional space for various cell species.
On the other hand, it has been known that actual collective cell migrations observed in somite of zebra fish, D. discoideum, MDCK cells, and esophageal cancer cells are phenomena in the three-dimensional space. Also, it is observed in in vitro experiments using MDCK cells and esophageal cancer cells that cells migrate on substrates. Thus, in the future, we would like to consider mathematical modeling which corresponds to problems in the three-dimensional space and problems of substrates in order to elucidate the detail of collective cell migrations, taking our mathematical modeling in this paper as a fundamental guideline.
